Improved properties of Ti6Al4V by means of nitrogen high temperature plasma based ion implantation  by Oliveira, R.M. et al.
Surface & Coatings Technology 205 (2011) S111–S114
Contents lists available at ScienceDirect
Surface & Coatings Technology
j ourna l homepage: www.e lsev ie r.com/ locate /sur fcoatImproved properties of Ti6Al4V by means of nitrogen high temperature plasma
based ion implantation
R.M. Oliveira a,⁎, C.B. Mello a, G. Silva a, J.A.N. Gonçalves a, M. Ueda a, L. Pichon b
a Associated Laboratory of Plasma, National Institute for Space Research, S. J. Campos, S. Paulo, Brazil
b Laboratoire de Métallurgie Physique, Université de Poitiers, Poitiers, France⁎ Corresponding author. Tel.: +55 12 32086692; fax:
E-mail address: rogerio@plasma.inpe.br (R.M. Olivei
0257-8972 © 2011 Elsevier B.V.
doi:10.1016/j.surfcoat.2011.03.029
Open access under the Ea b s t r a c ta r t i c l e i n f oAvailable online 16 March 2011Keywords:
Plasma based ion implantation
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Ion diffusionA stable heating source, providing steady temperatures in the range of 200 to more than 1000 °C, was used to
perform high temperature plasma based ion implantation (PBII) on Ti6Al4V. The precise control of the heating
of the samples in vacuum while performing PBII is accomplished by means of an efﬁcient electron source,
working independent of the conditions of the discharge.
The electrons produced by a low work function (2.1 eV) barium, strontium and calcium oxide cathode help
with the start-up of the discharge, with the increase of nitrogen ionization and heating of the samples. The
large growth of the treated layer thickness was a result of the thermal diffusion of nitrogen, reaching up to
20 μm, in the total process time lasting only 100 min. Experiments were run by setting a constant substrate
temperature during PBII to 800 °C but varying the pulse intensity and the duration of the process. Our results
showed improvements of the mechanical and tribological properties, and also higher resistance to corrosion
of the samples treated by high temperature PBII.+55 12 32086710.
ra).
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Ti6Al4V is a widely used material in different ﬁelds due to its high
strength-to-weight ratio, excellent corrosion resistance, good thermal
properties and biocompatibility [1,2]. Nevertheless, the improvement
of its poor frictional behavior and wear resistance is still imperative to
extend its range of applications, mainly in medical/orthopedic [3,4],
aeronautical [5,6] and mechanical engineering [7] areas.
The search to obtain thick Ti6Al4V nitrided layers via high
temperature plasma based ion implantation is a forefront issue that
has been systematically explored in the last years [8–11], in order to
overcome known poor tribological properties [12]. Thick modiﬁed
layers with high hardness (TiN and Ti2N) and low friction coefﬁcient
are more suitable than thinner ones produced by conventional PBII, to
withstand severe wear and corrosion in harsh environments.
High temperature PBII (HTPBII) is customarily performed by
means of external auxiliary heating systems [13]. For such cases,
during the high voltage off-cycle, the surfaces of the samples are
exposed to nitrogen ion bombardment from the glow discharge,
which is a signiﬁcant source of sputtering. Thus, the implantation of
nitrogen ions associated with the classical mechanism of thermal
diffusion of nitrogen into the bulk of the material, is counterbalanced
by the sputtering yield of the nitrogen plasma. It is worthwhile tomention here that the lowering of the sputtering rate during the
process helps to obtain thicker nitriding layers.
In this paper, a new high temperature PBII scheme was used to
treat Ti6Al4V samples, by performing nitrogen implantation into the
heated substrates. The heating was performed by means of electron
bombardment. Since electrons are much less massive than ions, the
sputtering caused by them ismeaningless. This new PBII conﬁguration
allowed us to change a very thick nitrogen rich layer with exceptional
tribological properties.
2. Experimental
Typically, PBII in our laboratory is performed with HV negative
pulses at 300–400 Hz/40 μs. It represents a duty cycle of only about
1.2% for ion implantation, while 98.8% is pulse off time. With the new
set-up, this pulse off time is used to heat up the samples. In this high
temperature PBII conﬁguration, the sample holder is the anode of the
discharge itself, being positively polarized by DC voltages in the 100 to
500 V range with respect to the chamber wall that is grounded. The
heating of the samples is caused mainly by the electron
bombardment.
A low work-function (2 eV) thermionic oxide cathode [14] is used
in this case to generate primary electrons which help with the
breakdown of the nitrogen glow discharge which is maintained in a
pressure of 10−3 mbar. This large ﬂow of electrons causes the heating
of the samples. The temperature of the samples can be precisely
controlled over a wide range (200 to more than 1000 °C), by varying
the anode voltage and the current intensity ﬂowing in the oxide
Table 1
Experimental conditions for N-HTPBII treatment of Ti6Al4V; temperature=800 °C.
Experiment H.V. Duration (min)
A 7 kV/400 Hz/40 μs 60
B 10 kV/400 Hz/40 μs 60
C 12 kV/300 Hz/30 μs 60
D 12 kV/300 Hz/30 μs 100
Fig. 2. Proﬁles of nitrogen atomic concentration in the implanted Ti6Al4V samples for
experiments A, B, C and D.
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power supply and of the HV pulser, both applied at the same time to
the sample holder, was performed by using speciﬁc external electrical
circuitry. Details from this experimental set-up, including the
composition of the oxide cathode, can be found elsewhere [15].
Four sets of commercially available Ti6Al4V samples (disks of
1.5 cm in diameter and 2 mm thick) were treated in this nitrogen high
temperature PBII set-up, at a constant temperature of 800 °C but
varying the treatment time and parameters of the HV pulse, as
described in Table 1. The temperature of the substrates during PBII
wasmeasured by an infrared pyrometer fromMikron (modelM90-Q).
The composition of the implanted layers of the Ti6Al4V samples
submitted to HTPBII was obtained by glow discharge optical emission
spectroscopy (GDOES) carried out on a Jobin-Yvon GD proﬁler with
strictly identical conditions of sputtering and acquisition for all
samples. The surface hardness was measured by nanoindentation
(triboindenter from MTS). Frictional coefﬁcient measurements were
accomplished in a CSM-Instruments ball-on-disk tribometer. It is
computer controlled, SN 18–313, and was run with 2.5 cm/s of linear
speed (~150 rpm), 2.0 N of applied load, 1.5 mm of wear track radius
and a 3 mm diameter Al2O3 ball. Worn tracks after friction coefﬁcient
measurements were examined by scanning electron microscopy
(SEM) using a JEOL JSM-5310 apparatus. The study of the microstruc-
ture of the treated layer was made by X-ray diffraction (Philips 3410
diffractometer in a standard theta-2theta Bragg–Brentano conﬁgura-
tion with Ni-ﬁltered Cu Kα radiation). The corrosion resistance of the
samples was evaluated by potentiodynamic polarization performed in
an electrolytic cell of three electrodes (Ag/AgCl reference electrode,
Ti6Al4V working electrode and Pt counter-electrode), in aerated
aqueous 3.5 wt.% NaCl solution using a Microquimica Potentiostat.Fig. 3. Proﬁles of elemental concentration of Ti6Al4V treated by PBII at 800 °C, and
12 kV for 100 min.3. Results
Typical X-ray diffraction patterns from 2θ varying from 30° to 80°
are shown in Fig. 1. The presence of TiN and Ti2N was detected in the
surface microstructure of all samples, but more clearly for samplesFig. 1. X-ray diffraction patterns of Ti6Al4V treated by PBII at 800 °C and distinct
energies and treatment times in comparison with untreated sample.treated at 12 kV. It suggests that a higher volume fraction of nitrides
has been formed in the subsurface region and it may be due to higher
doses imparted by PBII at those energies in comparison with 7 and
10 kV cases.
Atomic concentration proﬁles of implanted and thermally diffused
nitrogen, for different treatment time and pulse amplitude, at 800 °C,Fig. 4. Hardness proﬁles for samples treated by nitrogen PBII at 800 °C, 12 kV and
distinct treatment times, in comparison with untreated sample.
Fig. 5. Friction coefﬁcient measurements for implanted samples in comparison with an
untreated one.
Fig. 7. Potentiodynamic polarization curves for untreated and treated samples
according to the conditions of Table 1.
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measured in the near surface for samples treated for 1 h at pulse
intensities varying from 7 to 12 kV. However, total penetration depth
increased according to the amplitude of the pulse: 1.5 μm (7 kV), 2 μm
(10 kV), and 8 μm at 12 kV. Nitrogen peak concentration increased to
almost 70% for the set of samples treated at 12 kV for 100 min, while
penetration depth reached about 20 μm. It is worthwhile to notice a
similar decreasing proﬁle of the nitrogen concentration against depth
for the treatments. All of them show proﬁles with an abrupt reduction
at the near surface followed by a slowly changing decrease afterwards.
We hypothesize that such a high penetration depth of nitrogen in
Ti6Al4V in our case, even in low to moderate ion implantation energy,
is due to the diffusion of the implanted nitrogen and elimination of the
sputtering during the off period of the HV pulse, since the effectiveFig. 6. Worn tracks viewed by SEM: a) untreated sample, b) 7 kV/800 °C/1transfer of momentum caused by electron impact is not sufﬁcient to
cause as strong sputtering as by ions of the plasma.
Fig. 3 shows the GDOES results including all the detected elements
for samples treated according to experiment D. Stoichiometry analysis
coming from the proﬁles of nitrogen and titanium attained,
corroborated by the presence of diffracted peaks of TiN and Ti2N
suggests the presence of an outermost TiN zone with thickness up to
150 nm and a layer of Ti2N below with thickness reaching about 1 μm
(experiment D); N concentration slightly decreasing from 40 to 30 at.%.
The presence of oxygen on the near surface suggests the formation of a
very fast decreasing oxide layer, which is followed by a layer of Ti2N,
then a layer of N dissolved in α-Ti. A smooth decrease of nitrogen
concentration from 10 to 0 at.% afterwards is probably due to classich, c) 10 kV/800 °C/1 h, d) 12 kV/800 °C/1 h, e) 12 kV/800 °C/100 min.
Table 2
Parameters of the potentiodynamic polarization curves.
H.V. T (°C) t (h) Ecorr (mV) Jcorr (A/cm2) J at VAg/AgCl=0.75 V (A/cm2)
Untreated – – −211 1.2E-6 7.0E-5
7 kV/400 Hz/40 μs 800 1 −191 1.5E-7 8.4E-6
10 kV/400 Hz/40 μs 800 1 −140 1.2E-7 9.9E-6
12 kV/300 Hz/30 μs 800 1 −141 4.3E-7 2.6E-5
12 kV/300 Hz/30 μs 800 1.66 −183 3.0E-7 2.1E-5
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surface.
Fig. 4 shows the hardness improvement for samples treated at
12 kV, measured by a nanoindenter. In a comparison with the
untreated sample, exhibiting hardness of about 4 GPa in the near
surface, the samples treated for 1 h and 100 min by HTPBII presented
hardness reaching 14 and 18 GPa, respectively. It represents a three to
fourfold increase compared to the untreated case. The hardness
improvement extends tomuchmore than 1.5 μm, considering that the
valuemeasured at this point for the treated samples is about twice the
reference, as indicated in Fig. 4.
Measurements of the friction coefﬁcients (μ) for the samples were
performed using a ball-on-disk tribometer. The applied load was 2 N
and the test lasted 1000 laps. As can be seen in Fig. 5, the value of μ for
the treated samples remained lower than the reference during all of
the period of the test. The lowest value was obtained for the 7 kV case,
followed by the 10 kV case and ﬁnally by the 12 kV case. This result
may be due to the higher surface roughness of the samples treated
during longer times and under higher pulse intensities.
The respective scars formed during tribological measurements
were viewed by SEM, in order to compare the worn tracks on the
samples surface [16]. As can be seen in Fig. 6, only the unimplanted
sample presented a real deep groove, with the presence of parallel
marks and debris, and a width of about 600 μm. For the ion implanted
samples, no measurable wear could be detected for the total duration
of the test. The only observable feature was the presence of narrow
scars, varying from 50 to 100 μm, not being possible to infer the depth.
In addition, examination of the alumina ball used against the Ti6Al4V
surface revealed no metal transfer to the scar.
Corrosion behavior of untreated and treated samples according to
the conditions of Table 1was analyzed by potentiodynamic polarization
tests. A potential range from−1 V to 1.5 V was applied with the sweep
rate of 0.33 mV/s. Fig. 7 shows that the cathodic branches of the
polarization curves exhibit current densities that decreased as the
applied potential increased. The anodic branches of the polarization
curves showed lower current densities for all of the treated samples in
relation to the untreated one, indicating better resistance against
corrosion. The lowest value of anodic current was found in the 7 kV
case, followed by the 10 kV case and ﬁnally by the 12 kV case. For a
comparison, data from Table 2 shows the current densities measured at a
potential of 0.75 V for all of the samples, indicating a value of 8.4×10−6 A/
cm2 for the 7 kV case, in comparison with 2.1×10−5 A/cm2 for the 12 kV
intensity and 7.0×10−5 A/cm2 for the untreated sample. It is important to
note that excellent resistance to corrosion of titanium and its alloys isusually attributed to spontaneous formation of the passive oxide ﬁlm on
the surface [17]. However, for this case, the presence of thick nitride layers
on the surfaces of the treated samples is the main reason responsible for
the improved corrosion behavior. In fact, better corrosion resistance can
be associated with the excellent chemical stability of TiN.
4. Conclusions
New apparatus for high temperature PBII using electron bom-
bardment as heating source was effective to treat Ti6Al4V samples.
Very thick nitrogen layers containing TiN and Ti2N were obtained.
Sputtering is signiﬁcantly avoided during the off time of the HV pulse,
which is the dominant period of the treatment. Thismay be the reason
to obtain nitrogen rich layers reaching as 20 μm depth. In comparison
with the untreated surface, the treated samples presented:
- low friction coefﬁcients (0.1bμb0.4)
- higher hardness (N4×)
- no measurable wear rate
- improved corrosion resistance.
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